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ABSTRACT

In the state of Nebraska, over eth@d of roadways ithe United States are unpaved, and
consequently require a significant amount of financial and operational resources to maintain their
operation. Undesired behaviorfessurface gravel aggregates and the road surfaces can include
rutting, corrugation, and pondjnthat may lead to reduced driving safety, speed or network
efficiency, and fuel economy. This study evaluateshe parameters that characterize the
performance ad condition ofgravel road overtime period related to various aggregate mix
designs.Theparametergncluding width, slope, and crown profileareexample ofperformance
criteria. Asremote sensing technologies hagyancedn the recent decade, Maustechniques
havebeen ntroduced to colledtigh quality, accurateand dense dagfficiently that can be used
for roadway performance assessisekVithin this studyfwo remote sensing platforms, including
an unpiloted aerial systenAS) and groud-basedidar scanner, were used to collect point cloud
data of selectedoadwaysites with various mix design constituenésd further processed for
digital assessmesat Within the assessment processatistical parameters such as standard
deviation, man value, andoefficient of variance are calculated fbe extracted@rown profiles.

In addition, the study demonstrated that ploent clouds obtained from both lidar scanners and
UAS derived SfM caibe used to characterize the roadway geometry aetyeatd extrat critical

informationaccurately



CHAPTER 17 INTRODUCTION

1.1 PROJECT OVERVIEW

In the state of Nebraskapproximately 75% or 72,000 miles the roadsare unpaved
Due to environmental conditions and as well agerwhelming costand resoureintensive
maintenance, the poor performance of gravel roads is commonly obs&heréfore, monitoring
these lowvolume roadways require a significant amount of resourcesnamgpoweito maintain
the profile and gravel aggregatetindesired behaviorfesuch roads includes corrugation and
ponding that may lead to reduced driving safety, vehicle speed, andcebmy. On any
roadway system, drainage design is a core pattieofoadperformance, particularly for gravel
roads. The improper crown prde geometries can result in drainagelgems. Consequently,
water cannot be drained efficiently during rainstorms, which often softengréwvel crust.
Furthermore, severe rutting cdie developed if water penetrates and softens the subgrade.
Another possible undesirable behavior is pondingpich isthe collection of water at surface
depressions.

Compared to traditional methods, point clouds can be collected with increased accuracy
and cost and timeefficient approachesSpecificallyfor areas of irgrest with limited accessibility,
point clouds acquired by remote sensing techniques are an efficient, acandsteonomical
approach for objective assessnsentLight detection and ranging (lidar) andhpiloted (or
unmanneylaerial syeem (UAS) with ooard camera plaifms are twaommonremote sensing
approaches to obtathreedimensional3D) point clouds, both of which are utilized in this work.

Within this project, the gvel roadsireassessellase orvarious performance paramege

including elevation, width, drainage crown slopes, and surface roughassll as thequality



metricssuch ascrown slope consistency alotige roadway In addition, theassessmestwere
planned to carry out in different aggregates mix designsabwaeyear cyclemonitoring. While
these mix designs are tested analyzettiéiab and developed based on state mandaésto the

funding limitation, the material placemepttasevas canceled in this project.

1.2 RESEARCH MOTIVATIONS OBJECTIVES, AND SCOPE

Gravel road asessment is traditionally performed using manual measure@entsthe
straight edge®f a road These methods are tirm®nsuming, inefficient, and results can be
subjective.Manual measurements of gravel roads are subjective due to the locatioplaictde
straight edges, which may produce drastically different measurements due to slight variations in
placements.Therefore, alternative methotlave been developed assesgravel roaddased on
digital surveying technologiesich adaser profilometes, laser scanners, abGAs(Giesko et al.

2007 Williams et al. 2013Brooks et al. 2015)Among these technologies available to assess the
gravel roads, groundased lidar ssmning (GBL) and UASlatforms data can be processed to
create 3Dpoint cloudmodels that can be used for various road sudasessmest Specific to

this work,amethods developedo assess thgravel roads based tireedimensional point cloud

data automaticallyandobjectively.

1.3 REPORT ORGANIZATION

This report isdivided nto five chapters. Chapter 1 provides the project overview,
motivations, objectives, and scope of the resea@tapter 2 lists and discusg@gvious studies
related to this proje@ndis divided into subsections for material mix desjgeviousassesment

methodologiesandthe application ofemote sensing and point cloddta for theassessmeruf



road surfacesChapter Jresentghe mix design evaluation and resuwdtsd providesa modified
mix designthatis proposed foa test stripfor future esting and confirmationChapter 4 details
the methodologdeveloped to analyzint clouddor gravel roachssessmentthe data collection
proces®s, anderror analyss used within theroposed method In addition, the wample of
datasets and procesgiresults arpresentedn Chapter 4 Chapter Srovidesthe conclusiorand
recommendation of this report and further discussespotential future research work for this

project. Lastly,theappendixoreseng all of thedatasetsollected and processwithin this project.

14  RESEARCH OBJECTIVES

The following sections outline the research taskdessrited in the original proposal.

1.4.1 Literature Review and Preliminary Data Collection

Within this project, initially a literature reviewwas conducted regding the effects of
aggregate properties tie performance of gravel roads well agecenly proposednethods to
collect and analyzeremote sensinglataof gravel roadsand other similar civil infrastructure
systems Afterward, a series of sitegereselectedhroughout the statior remote sensing data
collection ando determine the curreperformanceof gravel roaddeforematerial testing and

placementThis incluced analyzinggamples from theelect sites for material characterization.

1.4.2 TAC Meetng and Experimental Planning
The research team met and coordinated with the project technical advisory committee

(TAC) for an indepth discussion of the projecthe goal of this taswasto determine the



experimental plan to select material, test stipbutes (e.g., length, locatignjariables
affecting the performance of the gravel robdsed on the scope of theject parameters to
characterize gravebadandmaterialperformance, anchethods of assessmetd processing

remote sensing data.

1.4.3 Material Collection and Characterization

Using resources available for material analysis at the University of NeHrasdoln, the
teamhas collectedarious aggregate mixes for evaluation. This included the Lan€asteity
stockpile, aggregates fronartous commercial gravel pjtand aggregatesbtained directly from
roadways. Theinvestigateparametergncludedgradation characteristicsiéve analysis

plastcity index, L.A. abrasion losshapéangularity, and surfaa®ughness, etc

1.4.4 Correlaion to Existing Roadway Data

Within this task, the team designed the test strips at the ses#tetetbased on the initial
data collection and performance analysis results of the existing roadway and material behavior
and characterizationThis was perfomed in coordination with TAC members and county
officials. The designed sitegere originaly planned to be iseveralocations throughout the
state to account for various weather, environmental, and traffic conditions for different gravel
aggregate mixires. However, no test strips were placed due to administraind financial

constraints that were outside of the control of the project.team



1.45 Test Strip Construction

The test strip was designeahd quantitiesvereestimated to be placed tihe nearip
vicinity of Lincoln, NE. The test strip was reviewed by TA@Gd county officials but ultimately
wasnotplaced ue t o constraints and ti mi. fFaurdiferentsi de o
gravel mixes were to be evaluated at the test strip wshsite mixing between a typical gravel
road mix, deicing gneel, and a cohesion clay materidlowever, no test strip wasnstructed
due to administration and financial constraimthichwerenot under management and contbl

the project team.

1.4.6 TestStrip Assessment and Data Collection

Each test strip waslanned to be assessed minimally at each scheduled maintenahce or a
refined intervad throughout @neyearcycle This assessment schedule was selected to ensure
that the study captures the effe€ seasonal changes, including freeze/thaw cycles, rsgming
rains for higher moisture content and potential for washout, and the drier months of July to
August. In addition,the study was planned to accounttfaffic on the test sites. Therefore,
traffic countswere intended tbe implementethroughportablecounter systems to quantify the
traffic loads (during various intervals of this phasdpwever,the assessment duration was
modified due tdhe lack ofmaterial placementHowever,the datacollectionwould have been
carried out over ane year cycléo compare the performance of the material was developed.
Table 6 in the report later details a temporal comparison which demonstrates the anticipated

roadway degradation over adonth interval.



1.4.7 Correlation of Performance Evaluation Data to Material Characterization

Within this task, the teamroposed t@erformanalyses to correlate the collected
remotely sensed data to the material characteristics of each test strip. Thiagesikclude
thedevelopnentmethod to analyze the remotely sensed datso, the teanwasto usethe
analysis resudtof the correlationio justify a recommended specificatibased on the observed
performance of the gravel roa@This was not performed since thest $rip was not constructed,

this was discussed with NDOT TAC members.

1.4.8 Reference Tabléor Objectives
This section provides summarytable(Table 1)that outlines how the objectives are

furtherdiscussed in this report.

Tablel. Project objective as discussed throughout the report

Objective Section(s)
1. Literature review and preliminary data collection 21to25and 4.1to0 4.4

2. TAC meeting and experimental plan 3.1t03.4

3. Materialcollection and characterization 3.1and 3.2
4. Correlation to existing roadway data 3.3
5. Test strip construction 3.4

6. Test Strip assessment and data processing 41t04.5

7. Correlation of performance evaluation datartaterial 51t05.4

characterization




CHAPTER 21 LITERATURE REVIEW

Due to the maintenance costs and roadway safety improvement demand, material
comparison and recommendation is one of the prsjatmarygoalsand focus Various
aggregate sourced from multiglearries throughout the state has been charastietazidentify
geometric properties such as sizes, angularity, and gradation characteristics. In addition, site
practice and practices were also discussed in the previous studies, which can be modified for

site material placement procedures.

2.1 GRAVEL ROCAD MATERIAL MIX DESIGN AND PRACTICES

The effect of material and different mix designs, as well as site practice (i.e., material
placement and maintenance), have preWouleen studied by various researchand state
agencies to identify optimal mix desigand practices.In a similar study Eggebraaten and
Skorseth (2009valuated the performancetbfeetypes of aggregateslhe first aggregate was
created acording to SDDOT specificatisn andthe secondaggregate specimemas developed
based orthe SDDOT specifications fothe gravel roadstandargd which did not meet SDDOT
gravel surfacing specificatisn Thesecondaggregate contagu low particles passing #200 sieve
and/or hd the plastic index(PI) of 4. Thethird aggregatevasa modified SDDOT pec, which
contaired 10% particles passing #200 sieve and PI.afhese three typesf aggregates were
placed within the three equal sectionglsmsame road.The study reported that, aftene month

of the materialplacementthe substandargravelloosenedhe most, while thenodified material



loosened by about 20%However, other parameteasid characteristics of the test strqueh as
widths, crownand @rrugation were not quantitatively assessed.

The Nebraskabepartment ofTransportation(2007) specificationsindicate thatfor the
surfacing of thegravel road, gravel passing #208ievecan be Oi 6% (by weight) withno
plasticity index PI) required. This standard spétcation indicatesthe commonly used materjal
however,the currentstatespecificationslack the inclusion offine material that providefor a
cohesve behaviorof the material Similarly, the specifications also did notandate the usef
crushed rockwithin the material, which camcrease in angularityo improve theinterlocking

behavior.

2.2 GRAVEL ROAD ASSESSMENT

As digital technologyevolves the cost of measurement instrumentatsoredudng while
the capabilities accuracy, and effective rangasntinue to improve.Therefore, many industries,
including civil engineerig, drove to ussensotbased measurements and monitoring methads.
aresult,within the area of road assessments, various methods have been introduced to evaluate
the insitu conditions of roadway surfagdacluding inertialbased measurements and misi

based approaches.

One early work using profilometer for profile masurement was proposed by Yang et al.
(2007).Thedeveloped surface profile configuratianalysis icomprised of a vertical gyro, laser
displacementhat records movement in tikeandY directions and a wheel encodéyang et al.
2007) However, theoad profile measurement device only collects profile data altigthe
trailer wheel trackersyhich limits theprofile measuremerntbo the width directionof the roads

However, Yanget al. (2007) reported that thevddoped method imore reliable, efficient, and



less subjective in comparisém that ofmanual measurementdlore recenly, Lee et al. (2017)
proposed a methodologp improve the previous profilometer syste® used byrang et al.

(2007) Differentfrom the traditionatwo dimensional (2Dprofilometer, a newhdeveloped 3D
profilometer system consgsbf a computer for data processing, power unit, vehicle measurement
unit, and orvehicular sensors including a wheel eder and laser scannewWith this updated
system/|ee et al. (2017¢haracteriedthe road profiles up to @elocity of 6.2 mph £0 km/hj,

and it was reported the result of the Bfilometeronly differs by 2% in comparison to those
measured in reakorld conditions Lastly, the studyconcluded that the 3D profilometelatform

can produce sufficient accuracy, which extends the potential usage of the model to analyze vehicle
durability and fatigue life predictiom addition to road surface assessmehiswever, these

systems are costhnd due to their delicate nature, the use on gravel roads is likely not preferred.

2.3 REMOTE SENSING ASSESSMENT APPLICATION

Remote sensing technolieg applicatiorhasproliferatedin recent yearso acquire3D
point clouds. Remote sensing platforms that Uskar sensorsor 3D reconstruction of a scene
using UAS collected imagesre two common remote sensing approaches to obtain 3D point
clouds. A point cloudis a set ofpointsin threedimensionakpacethat representthe surface of
objects. Remote sensing platform that usedaa $ensoiis an example of active remote sensing,
where data collection occurs via a laser wavefama distances are computed using the-tfre
flight or phase shift of the returned wavefortdumerous benefits can be achieved through lidar
scannerssuch asthe ability to conduct objective measurements and assessments with higher
accuracy in a seraupnomous data collection approach while limiting human exposure to the

environment. For spedfic civil infrastructure networks, UAS basgdhotogrammetry andata
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collection is an ideal option, particularly given its overhead viearefion of interestUAS data
acquisition includes digital images and georeferencing information thabegmoessed to
produce a point cloud using an advanced computer vision technique, known as stroicture
motion (SfM). SfM uses a series of tdamensional images withufficient overlap to estimate
the 3D geometry of objects in thecene. Given its efficiencyccuracy, density, and loweost,
UAS point cloud data acquisition has been widely applied to the areas of transportation,
engineering, geologyr surveying.

The UAS derived point clouds ka been used previously for digital assessmeki¥®od
and Mohammadi (205) usel aUAS derived point cloudsthe supplementary data to minimize
lidar point cloud occlusion fahe task oftructural inspectionWithin this study, alidar scanner
was used to create the point cloud models of the wdllewever, occlusn exits within the
collected GBL dataue totheinaccessibilityto the roof and other damaged areas due to the unsafe
condition of the structureAs a result, the UAS derived point clouds of these lareéachareas
were created and registered to @RBL derived point clouds to createhighly detailed point cloud
with minimal occlusion.In addition the study reported that occlusianthe central area dhe
facadewas nearly 20%for the GBL datawhile the combined point cloudeduces the area of
occlusion to 7.6%. Note that these measurements (percent of oceiusvere computed with
respect to reference girds of points. As a result, the proposed methodology to coeabenad
point cloud dataset provides an efficient solution in terms of safiete, and accuracfor
structural inspectionf damaged structas

In addition to roadway and highway equipment management, lidar technology has been
deployed to evaluate the road surface and geomeiumyet al. (201) discussed the application of

thelidar point cloud data for evaluating the severity of-faghway hump crossings with respect
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to road grade profile and vehicle dimensiombis method starts by updating the point cloud data

of the raithighway hump crossing coordinate systesupsamling, and then computing the

elevation map. For a given point cloud dataset and seven example vehicle dimensions, the
elevation difference between each vehicle bottom and the pavement surface inputted is evaluated
and checked. The results of the methaalaralyed to determine if the rallighway crossing is

safe for the example vehicle. The proposed met
no detailed description is provided on how the original data coordinate system is established or
subsamied.

In addition to analyimg UAS captured images for damage detection and documentation,
these images have been used to reconstruct the 3D scene for structural assessment applications.
Galarreta et al. (2015) used higdsolution obliqgue images collectby a UAS platform to create
a 3D point cloud of a scene. Furthermore, the study combined the 3D point cloud dateewith
results of a developed image analysis technique for building damage assessment. To detect damage
in facade and roof components, arjegbbasd image analysis method was developed that used
image segmentation and object classification. This method was supplemented by user input.
Galarreta et al. (2015) concluded that while the oblique images collected by a UAS platform are
suitable forassessms of facade and roof components, their proposed damage detection method

was not able to identify all existing damage patterns and further research needs to be performed.

2.4  POINT CLOUD APPLICATIONTO THIS PROJECT
In the past decadeyision-based tehnology has been widely used in the field of civil
engineering including structural health monitoring, construction engineering, and transportation

applications(Liao et al. 2019) Within the field of transportation engineering, point dalata
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(createdby SfM technique or lidar platforms) has been used to update transportation infrastructure
inventories, surface defect detection of roadways, drainage analyses, and pavement smoothness

evaluations.

In addition tothe unpaved gravel road ssssment, varng studies investigate the
application of UAS derived point clouds for road surface assessments. Zhang et al. (2012)
presented a method to perform 3D measurement of unpaved road surface distresses. The proposed
methodology investigates uanyed road assesient in sulcentimeter accuracy using UAS derived
point clouds. This includes parameters of roadway length, potholes, and roadway rutting depth.
Zhang et al. (2012) reported that a UAS platform is able to carry out 2D imagery collastem f
more sadly and at a lower cost in comparison to satellite and manned aircraft. As a highly flexible
data collection platform, UASs can be programmedliné as well as be controlled in re#he
for anoperation. Various devices such as intergeale imaginglevices and other sensors are
also applicable to be onboard as needed. Within this study, Zhang et al. (2012) werdetblz to
and measure surface distress without difficulties manudlhts methodology was then compared
to a case stydon rural road, where the difference between results and actual onsite measurements

are with a centimeter.

Dobson et al. (2013) assess unpaved roadway using UAS derived 3D point cloud models.
Dobson et al. (2013) used a Tazar 800 helicopter UAS witinlaoard camersensor for the study,
and multiple assessment parameters are identified through both 2D images and 3D point cloud
models. The parameters include ruts and washbaaidh were found by applying the threshold
filter function to 2D imagery data and potholdstected and calculated usitige Canny edge
detection function and Hough Circle Transform in 2D images. Using the 3D reconstructed point

cloud, drainage is estirte by the offroad area and the profile is extracted. The opinion of the



13

authors is thathe distress identification process is rapid, accurate, and can be extended to a larger

area.

2.5 CONCLUSIONS

As a monitoring method point clouds have been widely implemented various
infrastructure assessment This improves efficiency, accessibility, awuracy and reduce
subjectivity that is tied to traditional methods. However, traditional approaches are still
commonplace in @vel road assessments. As a result and as one of the goals of this study, a method
is developed based on point clouds to asges#el roads and characterize the surface behavior
based on the various aggregate mixtutesng point clouds will enable an jelstive and time

efficient method to characterize these fe@lume gravel roads.
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CHAPTER 31 MODIFIED GRAVEL ROAD MIX DESIGN

3.1  EXISTING MIX DESIGNS

The existing mix designssed within this project autlinedby theNebraska Department
of Transportation (NDOT) standas@ecifications The recommendatiotiesign mixtures shown
below in Table2. Within the recommended specificatignso Pl is required focohesionnor
angularity forinterlocking behavior.In addition, othepropertiessuch ashape, angularityand

surface texture are not indicated.

Table2. Mix designs recommendeg BIDOT spec.

Crushed Rock for Surfacing Gravel for Surfacing
Sieve (Table 1033.08) (Table 1033.07)
Percentage Passing

166 (25.0 100 100
366 (19.0
66 (12.5
No. 4 (4.75 mm) 40+20 7817
No. 8(2.36 mm)

16

No. 10 (20 mm) 15+15
No. 40 (425 pm)

No. 200 (75 pm) 515 343
Plastic Index (P1)

L.A. Abrasion. Loss, max. 45 40
Processing required Crushed
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3.2  EXISTING AGGREGATES TESTING

Within the state of Nebraska, the existing aggregates that are commonlydutitizée
roadway can be obtained fromariouslocal quarriesor county stockpile Therefore, samples
obtained fromthesequarrieswere tested in th& NL material'slab. The tests used arsieve
analysis, form, angularity, textyrand PI. After iteration with numerous quarries throughout the
state, herecommendedravel mix samplevasobtained from Western Sand GraireColumbus,
Nebraska The deicing gravel aggregate watested due to the higher fine material contehich
improves thecohesion. The sieve analysis results geesentedn Table3. As shown, the test
resultmeetsthe standardietermined by th&IDOT spedicationscomparing to the sieve passing
percentagesTo further analyze the aggregatafuresanaggregate imagingystem (AIMS)was
utilized to evaluate the aggregate pedes As a result, the output parameters are: foffirst-
order property, reflects variations in the proportions of a partahgularity - secondorder
property, eflects variations at the cornessyface texture describes the surface irregularity at a
scale that is too small to affect the overall shapecific for this sample, the angularity is

moderatethetexture is moderatdhe sphericiyy index is highPlis 1 and LA abrasion is 30.
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Table3. Sieve analysis dhequarry sample.

Sove amount e MO CIIIE et s
(9) Retained

3/4in 0 0 0.0 100.0
1/2 in 0 0 0.0 100.0
3/8in 84.99 84.99 0.4 99.6
#A 3550.04 3635.03 16.0 84.0
48 6592.5 10227.53 45.0 55.0
#16 3923.47 1415100 62.2 37.8
#30 3162.44 17313.44 76.1 23.9
450 3324.0 20638.14 90.8 9.2
24100 1845.9 22483.64 98.9 11
4200 229.09 22712.73 99.9 0.1
Pan 25.59 22738.32 100.0 0.0
Total 22738.32

3.3 MODIFIED MIX DESIGN

Previous studies have shown the importance of small particle and fine material for cohesion
and interlocking behavior, as well as enhance the material loosen oveitierefore, the Pl and
percemage passing #208ieve isincreased in the modified mixedign. Table4 illustrates the

modified mix design in the last column and also lists the NDOT stasgadficationsWith the
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10% passing #200 siewand R at 7, the percentages passing other sieves can be affected slightly.

Crush rock is also required to improve cohesion.

Table4. Modified mix design compared with standard.

Crushed Rockfor o el for Surfacing ~ Modified NDOT

Siove (Tai‘f:?g'gg_o& (Table 1033.07) Spec
Percentage Passing
166 (25. 100 100 100
Jod (19. 100
66 (12.
No. 4 (4.75 mm) 40+20 78+17 65+15
No. 8(2.36 mm) 50+15
No. 10 (2.0 mm) 15+15 16
No. 40 (425 pm) 25+10
No. 200(75 um) 5+5 3+3 10
Plastic Index (PI) 7
L.A. Abrasion. Loss, 45 40 40
max.
Processing required Crushed Crushed

34  CONCLUSIONS AND NEXT STEPS

From the results of aggregate sample tesiinggas observed thahe particls that are
passing sieve #20@re critically low in comparison to NDOT modified ntixre design
specificationsbutdoes meet the current NDG&pedfications To improve the fine materiand
meetthe NDOT modified miture design, it is decided to mix the existing aggregate with clayey
particle prior to the placement on si&milar to thestudycarried out byeggebraaten and Skorseth

(2009), al-mile gravel roadway in Lancaster Countgsselectedor material placementThe
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roadway was planned to be divided into three equal se¢fd3B mile each) fodifferent mixure
designs. The three mix designs are quarry deicing mix with 10% clayey material added, county
stockpile aggregates (control migndquarry deicing mix with 5% clayey material added.
Theproposeclacement procedeas and details are listed below:
1 Site Preparation:

o Properly shape the road first, address drainage problems (driving surface and
shoulder drainage), and reshape any washboard regions [1, 2].

o0 Remove the previous layer of surface gravel and have the lzasefoe
placement.

o Itis preferred to maintain treame conditions (placement, compaction, thickness,
etc.) for the three aggregate mixes (letyglical, locatmodified, NDOF
modified) as best as we can.

1 Material Placement:

o Collect representative setsaggregate samples being placedi&oratory
testingevaluation.

o The materiakhould be mixedn-site or before placement: it is suggested to have
materials blended well as it goes to crusher (do not crush after blending, the
graduation needs to be métea crush and blending), or the iatrons in layers
will cause the thickness change or dispense [2]. Note, due to the shrinkage from
the materials being placed, 30% or greater reduction in volume [2].

A Please do this in acoordance with

it
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A Careful attention should be made sticat any natural clay material to add
plasticity and cohesion does not remain in the haul truck boxes. This
should be carefully mixed in the gravel.

o Twoinches otthebase (rocks) two inches of surfacing gravel
A Windrowing the gravel initially is recommended for a wielénded
material.
1 Procedure:
o0 The target crown is 4%. The crown may be eliminated near an intersection
(approximately 10@eet transition zone), but the intersection should not be lower
to create docaton for water ponding. This is done for safety [2].
0 After thematerial is placed, add moisture only if chloride is applied][1
1 Preferences:
o Compaction is also beneficial, if available. However, this can be omitted if not
typically performed (talign with existing procedures). [2]
o Arroad closure is preferred, if possible.
91 Detailed survey:
o Limit maintenance activity on roads with teahd monitoring locations.
A Place signs, if possihle
0 After material placement, the research team will cobelohséne data set for

temporal monitoring
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The next step is material order and placement on site. However, dugtojdw complications
the placemendid not occur. It is recommended to trial deploy the modified mix design to

understand and quafytithe benefit of the modified mix design for Nebraska roads.
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CHAPTER 41 DIGITAL ASSESSMENT

4.1 INTRODUCTION TO PLATFORMS USED

In this project, two remote sensing platfornmeluding GBL and UAS with an onboard
cameraas well as georeferenced coordinates ,dataused to collect the datan general and
dependingon various research demands and equipment available, a UAS with an onboard camera
andor lidar scanner can benplemented as data collection equipmeithis chapter initially
describes the platforsithat are used to collect data and then discusses the assessment procedures

and method developed to evaluate the gravel road surfaces.

4.1.1 Lidar DataCollection

Thelidar scanners included Faro Focus3i3%) and Faro Focus3D-A30, as shown in
Figures 1a ah 1k respectively. Two scanners were utilized for speed and efficiency in the data
collection. The Faro-850 uses laser class 1 with a wavelength of 1,550 mhinasa maximum
range of 1,150 ft. In additiothe S-350scanners equipped with a High yhamic Range (HDR),

a highresolution camerawhich can capture imagep to 160 MPof resolutiorn) and can collect
up to 976,000 points per second with a rangirigreof + 0.07 in and an angular resolution of
0.009¢. T h e -130 asesosimbaplaser sle&ddD However, the 230 has a maximum

range of 420 ft and can create pictures with a maximum resolution of 70 MP.
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(a)
Figurel. Lidar platforms used to collect data: (a) Faro Focus@B®LIDAR scanneand(b)
Faro Focus3D XL30 LiDAR scanner.

4.1.2 SfM Data Collection

The equipmentusedfor the aerial surveys was a DJI Inspire 2 UAS with an onboard
Zenmuse X5 camera and mounted 15 mmadardisplayed ifrigure2. Within this UAS platform,
theselected flight paths can be autonomously controlled by commercial software while specifying
the overlap, flight altitude, and flight speed. Ground sample distance (@3€)describes how
big each pixels in the resultantlataset The GSD isa functionof flight altitude, image sensor
size andthe camerdens field of view In addition, the GS[@an also be set up prior to the UAS
data collection stepGSD isconsidered athe primary factor affecting SfM point cloud deity

ard accuracy.

Figure2. Remote sensing platform UAS.
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4.1.3 GNSSDataCollection

When conducting UAS flights and to obtain accurate georeferenceditlaitathe area of
interest, GPS coordinates can be collected at checkboard fardetat within the surveyed area
through Reallime Kinematic (RTK)surveying processThe accuracwttained byan RTK-GPS
survey isusuallywithin 2 to 10 mm. Here the checkerboards can be divided into two classes
including a ground control point (GCPdr checkpoint (CP). A GCP serves as accurate
georeferenced GPS information to scale the SfM resultant pointtdeeduce uncertainty while
a CP serves aspoint to determine the SfM point cloud errofBhese known coordinates can be
imported prior ® point cloud processing to constrain and reducepibiat cloud geometry
uncertainty. The GCP and CP can also be used within lidar scanning if global acésraty
importance (true latitude, longitude, and elevation) as well as empthyedte error alidation

for the CPs.

42  DATA COLLECTION STRATEGIES

42.1 UAS

The UAS flights are autonomouslycontrolled with the Pix4dcapturewvhich is an
application on a handheld tablethe flight plans usually contain twibghts that areperformed
for asite withabout85% overlap at an approximatdargeted abovgroundlevel (AGL) altitude
of 50 m Within this projectaforwardfacingcamera an@ of 75° from horizontak used This
resulted in a computed GSD of 1.11 cm. As shawhigure 3, the flights covered the area of
interest.Note that de to the limited topography d&he shownsite, a singlegrid pattern was
conducted. In addition, he ground contropoints are placed ingroups of four targets in

approximately200 m spacing



24

Figure3. UAS-SfM image locations.

4.2.2 Lidar

To perform the lidar survey, the team used a closed transverse scanning siféteqy.
this strategy, a series of scan setups are planned to create a loop, whereate [isgtscans link
together. This allows a reduction in the error propagatiaming the alignment processTo
optimizethe lidar data collection process regarding data quality for the time spent at sites, each
scan setting is usually set to executeanswith a pointo-point spacing 00.3 inches@.8 cnj at
a distance of 10 m, lch corresponds to a total of 48 million points per scan within 15 minutes.
However, the point density varies depending on the scannearyglsean setup parameters

The lidar scans were registered using the collected georefereocatinategshrough the
RTK-GPS survey technigue The lidar scans were collected with affset distance of
approximatey 131 ft @0 m), with four targets per scan locatidimat are usedo trander the
collected data tglobal coordinatesA singlevalue decomposition (SVD) transformation matrix
estimated the coordinate transformation from local coordinates (for each lidatcstanylobal
coordinatesystem The scan locatiorareillustrated in Figure4. Thesescans were collected with
a reduced resolution for time efficiencyhe scan setting produced a petoHpoint spacing 00.3
inches 0.8 cm at a distance d30 ft (L0 m), which correspondsat a total of 9 million points per
scan within 5 minutesThe lidar dataset is assumed to be the baseline dataset, given its low mean

registration value and its high accuracy internal to each scamdlirbeter level).
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Figure4. Lidar scan locations and point clouds (colored by intensity).

43 SUMMARY OF ALL DATA COLLECTION

UAS and lidarpoint cloud collection is efficient, requires less workforce than traditional
methods, and is less reliant on hunfgases. UAS acquisitionhas ncreased usage of surveying
and mapping deploymentsy its low-cost, operation easand reliable data collectiorHowever,
the accuracys dependent on the quality of images andyg@referencethformation. While lidar
data collectiomrequires mordéime in comparison to the UAS data collection process, the level of
accuracyfor lidar datasets is higher in comparison to UAS derived dé@reforethelidar point

cloud can be used as a baseline to validate the UAS gout errors.

44  ERROR ASSESSMEN (UAS VERSUS LIDAR)

Point clouds are a digital representation of a particular object or system of imeaest
computer As a result, a continuous object or system is represented as a collection of points or
vertices ina 3D space. The accuracy and thkerent error to the data is a direct function of both
the acquisition equipment and the data collection strategy. Since point clouds can be captured

from both lidar and UASSIM platforms, the error and theugity of the data platforms are
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important claracteristics to know because they may inhibit or bias the assessment results. Ground
control is often timeconsuming and cumbersome, but the quantity and distribution of the ground
control locations directly iituence the error and uncertainty of the dataaddition, both of the

lidar and UASSfM point clouds are compareddain-site digital level for validation.

The site of Lancaster County Wavefyreetis selected for the error assessmeftl.6
miles (L km) sectionof the selected sitis evaluaeédwith various GCP numberddowever, since
the focus on this study iad surface assessmentsly the hardscape (e.g., gravel roadway
surfaces) will be examined in detailhis study assesses the positional errors at discrete locations
via checkpoirg and as distributed errors throughout the point clouds using theiteellM3C2
algorithmproposed by.ague et al. 2013To explore how the number and distribution of ground
control points relate to the accuracy and error with UAS SfM point clouds,roumeasesvere
explored. The numbers of GCPs range from 0 to 22 for the site due to workforce and site
accessibility limitations. The comparisons are investigated in bothcrdite CP errors and
distributed quantitative comparisons to lidar point cloudibe distributed error is important to
guantify and assess due to the unpredictable errors in SfM point clouds thdestidy includes
extensive distributed error analysising the M3C2 algorithm and its associated statistical

distributions.

The entie scene was aligned using an S¥wansformatiorapproachand its accuracy is
directly tied to the RTKGPS survewng results For this reason, the error is estimated at
approxmately 1 to 1.25 inches2(to 3 cm). The transformedyoint cloud enables anrer
assessment at discrete points (CPs) as well as its distribution throughout the site (since lidar data
is available).The cases are arranged with an increasing number o @@Pa decreasing number

of CPs, up to a maximum of 22 GCPSpecifically, cae 1 has 96 CPs and 0 GCPs, simulating a
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case where no GCP is available nor used. Case 2 has 92 CPs and 4 GCPs only located at the
extreme corners on both ends of the siteraggnting the typically recommended minimum
number of GCPs.Case 3 uses GCPachted at the extreme corners and ed&§0 ft (400 n),

which yields 8 GCPs and 88 CP&ase 4 contains a total of 12 GCPs located at the extreme
corners and 856 ft 200 n) intervals with 84 CPsWhile case 5 uses 18 GCPs located at the
extreme cornes and in393 ft (120 ) intervals with 78 CPsThe last case (case 6) utilizes a total

of 22 GCPs located at the extreme corners a@#ft(100 n) intervals with 74 CPsThis last

step simulates a typical case with detailed ground contmmlong al six cases, case 6 resulted in

the lowest horizontal and vertical errors at the CP locations which are sh&iguiab.
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Figureb. Horizontal and vertical errors (case with 22 GCPs).
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Well distributed GCP locations are a critical parameter for point cloud accuracy, which are
used to georeference the UAS photogrammetric davestigating the most accurate and efficient
GCP layout dstribution is essential in SfM applicationBigure6 depicts theabsolute horizontal
errors for the mean 50%, 68%nd 95% intervals comparison for each case against the number of
GCPs. The general trathdemonstrtes that as the number of GCPs incredbke errors decrease.
Moreover, it can be observed that case 6 has the lowest and conservative verticallteisors.
indicatedthat casé has the highest accuracy in the study when considering the@Wdene

level, which is typically the norm in the assessment of geospatial errors.
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Figure6. Discrete errors.

The overall accuracy and quality of the point cloud datasstsvell aghe assessemt
output, are critical for reliable analysis and deliverablg€sonsequentlyboth point clouds and
assessment parameters will be validated to known dimensions orglte assessment results.
This validation will bequantitatively computed for relidity and feasilility purposa. In detall,

for the gravel road assessn®rihe validation includethe geometry comparisao thein-site
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measurements, which includes the roadway widths, slapespther measured distas within

the site.

For examplea validation in terms of the gravel road section is extracted as shéigune
7. The two extracted crossections on the gravel roadway are compared to onsite slope
measurement using a digital lev@lhese twacrosssections are not compared to a design manual
since grael roads can degrade quickly due to environmental and traffic loAdsexternal
verification was performed using a digital lewshichwas placed on 3.2 ft (1 m) straight edge
with a specified accuracy of 0.05° with a precision of death of a perent. The digital level
provided measurements of 4.0% and 3.3% at secti€dbs@ DD, respectively.The point clouds
of these sectionsare shown inFigure8. Thecrown geometry analysisesultsof the selected
sectionsarealsopresentedn Table5. Both lidar and SfM point clouds have slope valtreg are
similar toonsite measurements 4.0% and 3.3%tespedtely. Note that these measurements
will only be close since the digital level did not represent the entire lane width, but the larges
difference ioonly 8% for the SfM slope atiD. These values indicate that both datasets are similar
and close to theneasured values with an average difference of 8%a result, the point clouds

and slope assessment is validated to be reliablecodade.

280 m

Figure7. Extractedsections for QA/QC validation.
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Figure8. Crosssection view at the extracted sections.

Table5. Slope comparisons at extracted sections.

Sect Calculated Slope (%) Digital Level
ection Lidar SfM Measurement (%)
C-C 4.08 412 4.0
D-D 3.36 3.58 3.3

45  ASSESSMENT PROCEDURES

The first step of processing techniquethiscoordinate transformationThis is computed
for pointsof the point cloud and theapplieda besffit plane. This step isincluded in the procas
because the surface does not remain flat or .le@insequently, the elevation and direction
changs, whichis undesired.The second step the segmentatioprocessn which slices at each
desiredlocation are extractedalong the usedefined length bthe point cloud. Within this
procedure, slices at &a segment are extracted at uniform intervals for representation along the
length in terms of point cloud cresection. In addition the slice thickness and segment wialth
each profile can beonfigured. For instancethe slices are typically define$0.3 to 1.6 fi{0.1to
0.5 m in width and a segmentation distancel6éfto 65 ft b to 20 m). These parameteime

dependent on the density of point cldhdt is being analyzed.
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The next procesis a lowpass filter to remove the inherent noise ia point cloud in the
point cloud. Noise in point cloud can be caused by beam divergence, moving objects in the
collected data (i.e. vehicles and pedestrians), reflective surfacesmgtesurfacesglass or
mirrorlike objects), and undesirable data présn the environment (i,ezegetation).A low-pass
filter removes any inherent noise atigreforesmooths the point clouextracted profile. This
filter will conduct a moving average over eadygment using a uselefined span width.For
example, the span width can vary from 20 to 80 points, depending on the density of the segmented

point cloud. An example of the lowpass filter is illustrated iRigure9.

Roadway Profile

£360.76 |

Roadway elevation (

360.68 1
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Roadway width (m)
Figure9. Segmentation and low pass filter.

The nexistep in the process toidentify the best fiturvefor the segmented profilesThe
aim of the curve fitting process te attain objective geometric parametera. semnd-order
polynomial is fitted to each profile, where this shape is selected due to the best fit via regression.
An example is displayed figure10a. Note asecondorder polynomial is chosen given its general
shape for a roadway with a crown. Withe completion of the fitted curve for each segment, the
central point can be located automaticadiyd the the corresponding crown slopgegcomputed

(FigurelQb). Curve fiting isperformedo objectively determine the center location of the crown
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profile, since this may be mulieaked due to rutting and other undesirable degrading behavior of
gravel aggregatesThe crown slopes are also known as cisesional slopes, vith for gravel

road should be near the target of 4% (Federal Highway Administ2@bs).

Roadway Profile
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Figurel0. Gravel road profileqa) secondordercurve fited to the point cloud an®) computed
cross slopdor each sidef the extracted profile

4.6  RESULTS AND DISCUSSION

The gravel roagerformance consistency is evaluated in terms of the width, elevation
change within each segment, and the crown slopesexample of a gravel road located at N
162nd steet within WaverlyRd. to Bluff Rd, which is al-mile (1.6 km) section without
intersection or significant elevation chang®ata collection was carried out on April 22, 2018,
and July 13, 2018, where no maintenance was performed between the two assessment stages.
Therefae, the comparison of width alotigeroadway, elevation change Wwih segmentation, and

crown slopes are due to natural degradation from the environment and vehicul éfigae. 1).
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It can be concluded that the gravel road has similar widths for both datasets, but reduced
elevation (per segmentation) and cresstioral dopes, which was expected since no maintenance
was peformed. For the ease of the overall assessment visualization, -tbecidud distance
measurementand surface roughness can alsacbmputed Datasets collected at various tigsne
can be comparedtedimate cloudto-cloud distance using M3C2 function in CloudCompare
software, which computethe changedetween two point cloudsThe cloudto-cloud distance
results directly show the horizontal and vertical deformation with time chamgesollectedwo
datasetarecompare usingtheM3C2 function(Figurel2). As for roadway roughness estimation,
it is computed in CloudCompare softwabetween the points and thestfitting plane. The
surface geometry can loetailed shown by roughnesscluding tire trackgFigure 13). While
the cloudto-cloud and the surface roughness can illustrate degradation of the roadway, these

results are not considered directly in the olpyecassessment strategy.
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Figure12. Cloud to cloud distance results of the tadasets.
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Figurel13. Surface roughness.

To further substantiate the thedeastsnakengt of
processvariousstatistical parameters are computddh e s e par amet erstandarchc | ude
d e v i at, andcoeffitigni of variation (COV), as illustrated Fable 6. The positive and
negative slope mean values are slightly higher than 4%, espdiceaiiggave values with a mean

value of 4.80%. However, the standard deviation and coefficient of viamaindicate amore
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significantspread in the data than desirddhis highlights that while on averadhis roadwayhas
approximatelyl%slope gradeactuaklope values vary significantlyindicating its reduced travel
safety and drainagdecision m&ing based on the mean and its probability distribus@ossible
to rate theconditions of the roadwagnd optimize maintenance schedules.

Table6. Statistical parameters of crown slopes althrggoadway.

Slope
U (%) g (0 % cov
Values
Positive Negative Positive Negative Positive  Negative
20180422 4.31 3.79 1.21 0.99 0.29 0.39
20180713 3.88 2.56 2.72 1.47 0.70 0.39

4.7  CONCLUSIONS

As describedin previous sections, théeveloped method can analymmdvay surface
point clouds from lidar scanners or UAS SfM platfolansl assess the geometry of the road profile
Point clouds obtained from gravel roadways through lidar scanners and flMAG&G S accurately
characterize the r oadwa yensnomteringfapplicatians ane usédo r
as key information for decisiemaking processes if maintenance or rehabilitation operations are
required. Furthermore, the developed methodalyzes the depth map of the roadway to

characterize the performancetbé surfece for defects such as potholes.
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CHAPTER 5- CONCLUSIONS

51 INTRODUCTION

The field of civil engineering is increasing using emerging infrastructure assessment
techniquesthat rely on point clouds. Traditionally, gravel road performance assessment is
commonly performed using onsite measurement abservations byinstruments such as
measuring tapes, straight edges, levels, or total statibhese methods are tiro®nsuming,
inefficient, and results can be subjgetiwhich may produce drastically different assessssert
characterizations due to slight variations in placemeitserefore, an advanced method in this
manuscript is proposed to assess the gravel road from iBDgbaud data.Point clouds can be

collected with increased accuracy and cost and-#ffieient approaches.

52 KEYFINDINGS

Within the evaluation, crown profiles and overall performance metrics are the essential
evaluation factors for temporal assessmerits this approach, thaccuracy of the developed
methodology is within thesubinch or centimetetlevel, which is adequate for the specific
assessment applicationrQuantifying the data include parameters such as segmentation width and
its intervals andilter span widththatcan be adjusted for various point cloud density and output
deliverables.

This methodologycanautomatically and objectively assegavel roadway surfacémsed
on 3D point cloud. The point clouds obtained from both lidar scanraei UAS derived SfM
can accurately characterize gandition of the gravel roadways and provide vit&rmationthat

can be usedbr the decisiormaking process.The proposed assessment uses geometric feature
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mining and statistical processirgpncepts Moreover, the remote sensing data collection is
efficient, required less workforce than traditional methods, and does not rely on inspector/human

biases

5.3  USE OF DIGITAL ASSESSMENT IN OTHER TRANSPORT ATION APPLICATIONS

The application and usage of remstnsing technology have increased in recent years
within all fields of civil engineering, in particular, transportation engineering. Remotely sensed
threedimensionépoint clouds have a high potential for various assessment applications, including
but rot limited to structural damage detection and quantification, geotechnical evaluations such as
slope stability and rockfall analyses, and transportattated appliations such as asset
management and asset inventoflgao et al. 2019) The followingsections aim to highlight the
potential application of point cloud data for the assessment of transporttted infrastructure.

As demonstrated, the implemendattiof lidar data can improve and ultimately transform the way

in which transportation ageies assess and maintain the transportagtated infrastructure.

5.3.1 Structural Damage DetectiorQuantification, andDeformation Analysis

Structural damage detection and quantification is one of the early implementations of
remotely sensed data for daglitssessment. Specifically, the lidar derived point clouds have been
used to develop a series of automated damage detection methodgdalot quantify damaged
areas. Within transportation infrastructure, these methods focused on assessing lnsgdge pie
girders, abutments, guard rails, deck conditions, and barriers for various damage types, defects,
and other anomalies. However, as fidarived point clouds can only capture and represent the

surface objects, the developed damage detection and fopziotn methods can identify the











































































